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.2013.03.0Abstract Pretensioned extended, bolted end-plate moment connections are very popular due to
ease of fabrication and erection. In order to identify the effect of different parameters on the behav-
ior of the connection, a three-dimensional ﬁnite element model that accounts for both geometrical
and material non-linearities is developed using the multi-purpose software package ANSYS. A
parametric study is conducted using this model on two end-plate conﬁgurations: four bolts and
multiple row extended end plates. The studied parameters were as follows: beam depth, end-plate
thickness, bolts diameter, bolts pitch, bolts gage, and end-plate stiffener. Then, yield line analysis
is used to propose equations for the end-plate bending capacity. A design model is assumed for bolt
forces analysis, and design equations are proposed. The proposed equations are compared to the
ﬁnite element results and the current design codes.
 2013 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Over the years, end-plate moment connections have become
more popular due to ease of fabrication and erection. It be-
came the most widely used connection in the construction of
metal buildings and steel portal frames. The primary use of
bolted end-plate moment connections is to connect a beam-
to-column or to splice two beams together, as shown in Fig. 1.mail.com (A.K. Dessouki),
ssef), m.mostafa.meg@gmail.
Shams University.
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04Beginning in the 1960s, research in bolted connections
proved liability of bolted connections to serve as moment
resisting connections. Krishnamurthy [1] had one of the earli-
est ﬁnite element researches where design equations were
developed which lead to much thinner end plates than previ-
ously obtained by empirical formulas. Kennedy et al. [2] pre-
sented a design procedure for T-stub connections which was
employed with or without modiﬁcations in most of subsequent
researches. Borgsmiller [3] set a threshold that prying forces
start when the applied moment on a connection reaches 90%
of the end-plate capacity. Also, simpliﬁed design procedures
were presented for nine end-plate conﬁgurations using yield
line analysis and a modiﬁed T-stub. Bahaari and Sherbourne
[4,5] constructed three-dimensional ﬁnite element model utiliz-
ing non-linear material properties to model T-stub connections
and end-plate connections to unstiffened column. Mays [6]
used yield line analysis to develop design procedures for theier B.V. All rights reserved.
Figure 1 Bolted extended end-plate moment connection.
Figure 3 Finite element model.
686 A.K. Dessouki et al.unstiffened column ﬂange that showed good correlation with
ﬁnite element and experimental results. Sumner [7] performed
both monotonic and cyclic tests on extended end-plate mo-
ment connections which showed that the four bolts extended
unstiffened and the eight bolts extended stiffened end-plate
moment connections meet the requirements for use in seismic
regions. Hassan [8] used 2D ﬁnite element modeling to propose
reduction factors for the end-plate thickness required by the
ECP-2001 [9]. Samaan [10] performed an experimental pro-
gram using 10 extended and ﬂush end-plate conﬁgurations
then widened the research using a ﬁnite element model. Statis-
tical regression analysis was used to produce equations and
charts to be used for the design.
In this paper, a ﬁnite element analysis is presented to model
the non-linear behavior of the extended end-plate moment
connections. This model is used to conduct a parametric study
on two end-plate conﬁgurations: four bolts and multiple row
extended end plates. The studied parameters are as follows:
beam depth, end-plate thickness, bolts diameter, bolts inside
and outside pitch, inner bolts pitch, bolts gage, and end-plate
stiffener. During the study, the distribution of stresses in the
end plates is monitored for different conﬁgurations, and yield
line patterns are observed for each conﬁguration. These yield
line patterns are analyzed and new design equations are pro-
posed. The proposed equations are then compared to the ﬁnite
element analysis results and to the current design codes
equations.
2. Finite element modeling
In this study, the commercially available ﬁnite element soft-
ware ANSYS [11] was used to develop the model shown in
Figs. 2 and 3. The model is composed of a simply supported1/2 Load
Stiffener
Stiffener
Vertical
Support
Dummy Plate
Figure 2 Schematic drawing of the ﬁnite element model (¼ of
the specimen).beam spliced at mid-span with an extended end-plate moment
connection. Two equal concentrated loads are applied at equal
distances from splice in order to induce pure bending moment
on the connection. Stiffeners are used at the locations of con-
centrated loads and supports to distribute the load and reduce
stress concentration. In the ﬁnite element model, advantage is
taken of symmetry about both the beam web and the mid-span
plane (the plane passing between the two end plates) where a
new dummy plate is used to simulate the contact between
the existing end plate and the omitted end plate. A one quarter
model of the specimen is used in the ﬁnite element model. The
ﬁnite element model details are described in the following
subsections.
2.1. Modeling of beam, end plate, and bolts
All steel plates including beam ﬂanges, web, end plates, and
stiffeners are modeled using four-node shell elements
(SHELL181) that include plasticity effects. Solid 20-node brick
elements (SOLID95) that include plasticity effects are used to
model the bolts to account for biaxial stresses induced on bolts
[6]. The bolts mesh is cut at the bolt shank into two separate
parts, and pretension elements (PRETS179) are inserted in be-
tween to apply the pretension forces.
2.2. Modeling of end plate to end-plate contact and bolt head to
end-plate contact
Contact problems present two signiﬁcant difﬁculties: First, re-
gions of contact are not generally known until the problem is
run. Depending on the loads, material, boundary conditions,
and other factors, surfaces can come into and go out of contact
with each other in a largely unpredictable and sudden manner.
Second, most contact problems need to account for friction. In
case of pure bending moment on the connection, there is no
need to account for friction in the model, so the contact sur-
face is considered a rough surface (no slippage between contact
surface and target surface). Pairs of contact and target ele-
ments (CONTA174 and TARGE170) overlaying contact sur-
faces mesh are used to model the non-linear contact
behavior. Contact elements are constrained against penetrat-
ing the target surface. Target elements can penetrate through
the contact surface. However, the contact elements are given
Behavior of I-beam bolted extended end-plate moment connections 687stiffness 10 times the stiffness of the end plate to minimize the
relative displacements between surfaces. For the ﬁrst contact
(end plate to dummy plate), the dummy plate is the target sur-
face and the end plate is the contact surface while in the second
contact (bolt head to end plate), the end plate is the target sur-
face and the bolt head is the contact surface.
2.3. Material properties
All materials use Von-Mises yield criterion coupled with iso-
tropic work hardening assumption. A trilinear stress strain
curve is used to deﬁne material properties [4]. The material
used for the beam, end plate, and stiffeners uses the curve in
Fig. 4, while material for high strength bolts uses the curve
in Fig. 5.Table 1 Comparison between experimental and F.E.A. moment ca
Test identiﬁcation Experimental by
Sumner [7] (kN m)
Test A-MRE 1/2-3/8-3/4-30 626
Test B-MRE 1/2-3/4-3/4-30 857
Test B1-MRE 1/2-3/8-3/4-30 1015
Test C-MRE 1/2-3/4-1/2-30 652
Test D-MRE 1/2-3/4-3/4-30 756
Test D1-MRE 1/2-3/4-3/4-30 845
Mean
Standard deviation
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Figure 4 Stress–strain curve for beam, end plates, and stiffeners
material.
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Figure 5 Stress–strain curve for bolts material.2.4. Loads and boundary conditions
All nodes on the planes of symmetry (beam web and dummy
plate) are restrained against out of plane translation and in
plane rotations about both in plane axes. Also, all nodes on
the bottom beam ﬂange at the beam end are restrained against
vertical translations. The loads are applied using two load steps
where in the ﬁrst step, pretension forces are applied to speciﬁed
pretension sections in the bolts shank; then, the load step is
solved, and the joints displacements from this load step are
locked and applied as constant displacement in the second load
step. In the second load step, the additional applied loadings al-
ter the effect of the initial load value, but because locking trans-
forms the load into a displacement, it preserves the initial load’s
effect. The second load step is then solved and the load is in-
creased until the model becomes unstable due to excessive
inelastic behavior of the structure. The ‘‘Newton–Raphson’’
approach is employed to solve for non-linearities. To obtain
good accuracy and reasonable run time, the maximum load
increment is set to be 10% of the applied load and the minimum
load increment is set to 0.5% of the applied load.
2.5. Veriﬁcation of ﬁnite element model
In order to verify the ﬁnite element model described formerly,
it was used to model six multiple row extended end-plate con-
nections tested by Sumner [7]. The ﬁnite element model results
are compared to the reported experimental results in terms of
moment capacity, moment against mid-span deﬂection, mo-
ment against end-plate separation (explained later in clause
4), and bolts response. From Table 1 and Figs. 6 and 7, thepacity.
F.E.A by author
2012 (kN m)
Ratio F.E.A./
experimental
530 0.85
813 0.95
910 0.90
661 1.01
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Figure 6 Test A MRE1/2-3/4-3/8-30 applied moment vs. end-
plate separation.
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Figure 7 Test B MRE1/2-3/4-3/4-30 bolt 3 force vs. applied
moment.
Table 2 Standard specimen dimensions.
Parameter Value (mm)
Beam ﬂange width, bf 200
Beam ﬂange thickness, tf 24
Beam web thickness, tw 12
End-plate width, bp 200
End-plate length, lp d+ 200
Bolts grade 8.8
Beam material Grade 52
End-plate material Grade 37
Table 3 Different parameters values used in this research.
Parameter Used values (mm)
Beam web depth, d 400, 500, 600, and 700
End-plate thickness, tp 8, 12, 16, 20, 24, 28, and 32
Bolts diameter, db 12, 16, 20, 24, and 27
Bolts gage, g 60, 80, 100, 120, and 140
Bolts inside and outside pitch, pi, po 30, 40, 50, 60, and 70
Inner bolts pitch, p 60, 80, 100, 120, and 140
End-plate stiﬀener thickness, ts 0 and 12
688 A.K. Dessouki et al.ﬁnite element model results have shown good correlation with
the experimental results both qualitatively and quantitatively
and were proven to simulate the behavior of the connection
effectively. The test identiﬁcation naming convention in
Table 1 will be described later.
3. Parametric study
An extensive parametric study using the standard specimen
shown in Fig. 8 was conducted on two conﬁgurations of the
extended end-plate moment connections: (a) four bolts ex-
tended end plate and (b) multiple row extended end plate
(one bolts row outside tension ﬂange and two rows inside).
The studied parameters are as follows: beam depth (d), end-
plate thickness (tp), bolts diameter (db), bolts gage (g), bolts
outside and inside pitch (po, pi), bolts inner pitch (p), and pres-
ence of end-plate stiffener. As a common practice, the value of
the inside and outside pitch (po, pi) is always set to be equal and
the value of the inner bolts pitch (p) is equal to the sum of bolts
outside and inside pitches. All the bolts are pretensioned to the
minimum speciﬁed pretension force in ECP-2008 [12]. Table 2
shows the standard specimen dimensions which were not chan-
ged during the study, while Table 3 shows the different param-
eters values used in this research.
The naming convention used for sample identiﬁcation
(XX–db–tp–d) is a combination of the connection conﬁguration
(XX), bolt diameter (db), end-plate thickness (tp), and nominal
beam depth (d). The connection conﬁgurations are designated
as follows:2000 2000
500 500
P P
Figure 8 Standard specimen for paramet(a) (4E) Four bolts extended end-plate moment connection.
(b) (4ES) Four bolts extended stiffened end-plate moment
connection.
(c) (MRE 1/2) Multiple row (one bolts row outside tension
ﬂange and two rows inside) extended end-plate moment
connection.
(d) (MRES1/2) Multiple row (one bolts row outside tension
ﬂange and two rows inside) extended stiffened end-plate
moment connection.
For example, a test designation of 4E-20-20-600 indicates a
four bolts extended unstiffened connection. Bolts diameter is
20 mm, a 20 mm thick end plate, and a nominal beam depth
of 600 mm.
Fig. 9 shows the deﬁnition of end-plate separation at ten-
sion ﬂange, which was monitored for each specimen in the
study and plotted vs. the applied moment. Fig. 10 shows
how the connection yield moment (My) and the connection
ultimate moment (Mu) are determined from the end-plate sep-
aration curves. The connection yield moment is the intersec-
tion of the initial connection stiffness and the strain(a) Four bolts
extended end-plate
(b) Multiple row
extended end-plate
p
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p o
p i
ric study and end-plate conﬁgurations.
End-plate separation
Figure 9 End-plate separation at tension ﬂange.
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Figure 10 Connection yield and ultimate moments determined
from the applied moment vs. end-plate separation curve.
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Figure 11 Typical bolt response during the study.
Figure 12 End-plate contact status of a sample four bolts
connection.
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mum applied moment at where the model becomes unstable
due to excessive inelastic behavior of the structure.
4. The behavior of extended end-plate connections
Both end-plate conﬁgurations have shown similar behavior to-
ward the change of the studied parameter. Mainly, the study
identiﬁed three types of behavior for the end-plate connection
depending on the capacity of both the end plate and the bolts.
Firstly, thin plate behavior where the end plate is weaker and
yields before the yielding and rupture of bolts then intermedi-
ate plate behavior where end plate and bolts capacities are
close and yielding of both of them occurs, and ﬁnally, thick
plate behavior where the end plate is stronger and the bolts
yield and rupture occurs before end-plate yielding occurs. In
the intermediate plate behavior although both the end plate
and bolts yielding occur, one of them occurs at ﬁrst followed
by the other, which makes the prior control the connection
behavior. So, for simpliﬁcation, the intermediate plate behav-
ior can be neglected and the other two behaviors are consid-
ered the main types of behavior for the connection. Each of
the studied parameters may affect the type of behavior the con-
nection exhibits according to its effect on the bending capacity
of the end plate or bolts. The multiple row extended end-plate
conﬁguration has shown 30–35% increase in both yield and
ultimate moments than four bolts extended end-plate conﬁgu-
ration. This increase is obviously due to increase in number
of bolts in thick plate conﬁgurations, where the failure isgoverned by the bolts capacity. While in thin plate conﬁgura-
tions, where failure is governed by end-plate capacity, this in-
crease is due to the increase in number of ﬁxation points of the
end plate which leads to the formation of more plastic hinges
and larger yielding capacity of the end plate.
The bolts response during the study was observed on three
stages as shown in Fig. 11. At stage one, the bolt force in-
creases slightly, the end plates are still in contact, and bolts
did not lose its pretension force. At stage two, there is a sharp
increase in the bolt force, and this is where end plates have lost
contact and are now separated. The thinner the end plate, the
sooner stage two starts due to increase in prying action which
increases the force in the bolt. At stage three, the applied mo-
ment increases with little increase in the bolt force due to yield-
ing of the bolt shank. Fig. 12 shows the end plate to end-plate
contact status of sample four bolts extended end-plate connec-
tion at different load values: Just after, bolt pretension is ap-
plied and prior to application of any external load, at the
connection yield moment and at connection ultimate moment.
The end-plate contact status distributions show that the bot-
tom tip of the end plates begins to be in contact before the
yield moment is reached, which indicates the formation of pry-
ing forces prior to end-plate yielding in thin plate connections.
4.1. Beam depth (d)
Figs. 13 and 14 show the yield and ultimate moments for four
bolts and multiple row conﬁgurations, respectively, at 12 mm
and 32 mm end-plate thicknesses. As the beam depth increases
from 400 to 700 mm, the yield moment is increased by about
70–80% for thin plate (12 mm) and 80–90% for thick plate
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Figure 13 Yield and ultimate moments vs. beam depth at
different end-plate thicknesses for four bolts conﬁguration.
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Figure 16 Four bolts conﬁguration ultimate moment vs. end-
plate thickness.
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Figure 17 Multiple row conﬁguration yield moment vs. end-
plate thickness.
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690 A.K. Dessouki et al.(32 mm). The connection ultimate moment increased by 80–
90% for thin plate and 70–80% for thick plate.
4.2. End-plate thickness (tp)
Figs. 15–18 show yield and ultimate moments against end-
plate thickness for both four bolts and multiple row conﬁgura-
tions. For smaller bolt diameters (M12 and M16), the connec-
tion exhibits a thin plate behavior as bothMy andMu increase
by about 225% when end-plate thickness increases from 8 mm0
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Figure 15 Four bolts conﬁguration yield moment vs. end-plate
thickness.
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Figure 18 Multiple row conﬁguration ultimate moment vs. end-
plate thickness.to 16 mm; then, the rate of increase is negligible as the behav-
ior turns to thick plate behavior, and further increase in end-
plate thickness, from 16 mm to 32 mm, has a little effect on
the connection capacity. For larger bolt diameters (M24 and
M27), My and Mu increase by 900% and 225%, respectively,
as end-plate thickness increases from 8 mm to 24 mm; then,
the behavior turns to thick plate and the increase is negligible
from 24 mm to 32 mm. This is because when the behavior
changes to thick plate behavior, the bolts yielding and rupture
controls the behavior of the connection, and the increase in
end-plate thickness has no signiﬁcant effect.
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Figs. 19–22 show yield and ultimate moments against bolt
diameter for both four bolts and multiple row conﬁgurations,
respectively. For thinner end plates (8 and 12 mm), the yield
moment increases by only 10% despite of the increase in bolts
diameter, from 12 mm to 27 mm, because the yielding is due to
end-plate yielding only. The connection ultimate moment
shows increase up to about 300%, which has not been shown
for yield moment, when the bolt diameter is increased from0
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Figure 21 Multiple row conﬁguration yield moment vs. bolt
diameter.
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Figure 22 Multiple row conﬁguration ultimate moment vs. bolt
diameter.
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Figure 19 Four bolts conﬁguration yield moment vs. bolt
diameter.
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Figure 20 Four bolts conﬁguration ultimate moment vs. bolt
diameter.12 mm to 24 mm. This is due to the relatively large post-yield-
ing capacity of the end plate which allows bolts to achieve
more capacity. Further increase from 24 mm to 27 mm does
not increase the ultimate moment as the end plate has reached
its ultimate capacity.
For thicker end plates (24–32 mm), the yielding and ulti-
mate moments increase by about 400–450% when bolt diame-
ter changes from 12 mm to 24 mm. Increasing the bolt
diameter from 24 mm to 27 mm has almost no effect on the
yield moment. This is because for diameters smaller than
M24, these thicknesses act as thick plate and the yielding is
due to bolts only, while for diameters larger than M24, these
thicknesses act as thin plate and the yielding is due to end-plate
yielding.
4.4. Bolts gage (g)
Figs. 23 and 24 show yield and ultimate moments against bolts
gage for both four bolts and multiple row conﬁgurations,
respectively. The increase in bolts gage from 60 mm to
100 mm decreases the ultimate and yield moments by 20%
for 4E conﬁguration and 40% for MRE1/2 conﬁguration. This
is due to the decrease in end-plate stiffness which increases the
prying forces in bolts decreasing their moment capacity. Fur-
ther increase in bolts gage from 100 mm to 140 mm has much
smaller effect on the connection capacity as effect of the gage
on the end-plate capacity decreases.0
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Figure 23 Four bolts conﬁguration yield and ultimate moment
vs. bolts gage.
0100
200
300
400
500
600
A
pp
lie
d 
M
om
en
t (
kN
.m
.) Mu
My
MRE1/2 -M20 -t p =12
50 70 90 110 130 150
Bolts Gage (mm)
Figure 24 Multiple row conﬁguration yield and ultimate
moment vs. bolts gage.
0
100
200
300
400
500
600
700
A
pp
lie
d 
M
om
en
t (
kN
.m
.)
My-Stiffened
My-Unstiffened
Mu-Stiffened
Mu-Unstiffened
4E -tp =12
10 15 20 25 30
Bolt Diameter (mm)
Figure 27 Four bolts conﬁguration yield and ultimate moments
vs. bolt diameter with and without end-plate stiffener.
692 A.K. Dessouki et al.4.5. Bolts inside and outside pitch (pi, po) and inner bolts pitch
(p)
Fig. 25 shows yield and ultimate moments against bolts inside
and outside pitch, while Fig. 26 shows yield and ultimate mo-
ments against inner bolts pitch for both four bolts and multiple
row conﬁgurations, respectively. By the increase in bolts pitch
from 30 mm to 50 mm, both connection ultimate and yield
moments decreased by 40–45% due to the decrease in
end-plate bending capacity which leads to earlier formation
of prying forces in the bolts decreasing their capacity. Further
increase, from 50 mm to 70 mm, has a very little effect because0
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Figure 26 Multiple row conﬁguration yield and ultimate
moment vs. inner bolts pitch.
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Figure 25 Four bolts conﬁguration yield and ultimate moment
vs. bolts inside and outside pitch.the connection behavior has turned to thin plate behavior
where it is controlled by the end-plate bending only.
4.6. End-plate stiffener
Fig. 27 shows yield and ultimate moments against bolts diam-
eter for four bolts (both stiffened and unstiffened) and Fig. 28
shows yield and ultimate moments against end-plate thickness
for multiple row conﬁguration (both stiffened and unstiff-
ened). It was noted that the stiffeners greatly increase the
end-plate yielding capacity for both end-plate conﬁgurations,
while it has a very little effect on the yielding and rupture of
bolts. The end-plate stiffeners increase both the connection
yielding and the ultimate moments with about 30% where con-
nection acts as thin plate. The percentage of increase decreases
as the connection’s behavior tends to be thick plate. This in-
crease in the yield moment may change the connection behav-
ior from thin to thick behavior.
5. Simpliﬁed design procedures
The behavior of the end-plate connections is very complex, but
in general, two limit states control the behavior of the end-
plate connection which are the end-plate yielding and bolt rup-
ture. In this study, the thick plate behavior will be adopted to
develop simpliﬁed design procedures for the end-plate connec-
tion. Borgsmiller determined experimentally a threshold be-
tween thick and thin plate behavior to be at the point where
ninety percent of the end-plate bending strength is achieved.
So, the end plate will be designed to 111% of the design mo-
ment to assure thick plate behavior.
5.1. End-plate strength
The end-plate bending strength is determined using yield line
analysis which estimates the yielding moment of the end plate.
The application of yield line theory to determine the strength
of an end plate requires three basic steps: detection of a yield
line pattern, generation of equations for internal and external
work, and solution of internal and external work equality.
The internal work stored within a yield line pattern is the
sum of the internal work stored in each of the yield lines form-
ing the mechanism. For simplicity, it is convenient to break the
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moments vs. end-plate thickness with and without end-plate
stiffener.
Behavior of I-beam bolted extended end-plate moment connections 693internal work components down into Cartesian x and y com-
ponents. The general expression for internal work stored by
the yield line pattern is as follows:
Wi ¼
XN
n¼1
ðmphnxlnx þmphnylnyÞ ð1Þ
where hnx and hny are the x and y components of the relative
rotation of the rigid plate segments along the yield line, lnx
and lny are the x and y components of the yield line length,
and mp is the plastic moment strength of the plate per unit
length,
mp ¼ Fy
t2p
4
ð2Þ
The external work due to the unit virtual displacement is given
by the applied tension ﬂange force by the virtual displacement.
We ¼Mpl
d
d ð3Þ
where Mpl is the end-plate yielding moment, d is the applied
virtual displacement, and d is the distance from the centerline
of the compression ﬂange to the tension side edge of the end
plate for simplicity taken equal to beam depth.Figure 29 Monitored end-plate stresses at connection yield momThe end-plate stresses are monitored during the ﬁnite ele-
ment analysis as shown in Fig. 29, and the yield line patterns
in Fig. 30 were observed for different end-plate conﬁgurations.
These patterns were analyzed by the virtual work method and
solved for the plate bending capacity.
For the four bolts extended unstiffened end-plate conﬁgu-
ration, the internal work is calculated for the pattern to accom-
modate for the applied virtual displacement at the tension
ﬂange d.
Wi ¼ Fy
t2p
4
d
2bp
po  db=2
þ 2bp
pi  db=2
þ 2 2ðpi þ g=
ﬃﬃﬃ
2
p Þ
g=2 db=2
" #
ð4Þ
By equating the external work (3) and internal work (4) and
rearranging for Mpl, we can get:
Mpl ¼ Fy
t2p
4
d
2bp
po  db=2
þ 2bp
pi  db=2
þ 2 2ðpi þ g=
ﬃﬃﬃ
2
p Þ
g=2 db=2
" #
ð5Þ
Similarly, the internal and external work are calculated and
equated for the four studied conﬁgurations then rearranged for
Mpl, which results a general equation for the end-plate moment
capacity as follows:
Mpl ¼ Fy
t2p
4
dKpl ð6Þ
whereMpl is the end-plate bending strength, Fy is the end-plate
yield stress, tp is the end-plate thickness, d is the beam depth,
and Kpl is the plate constant and changes according to the
end-plate conﬁguration given in Table 4.
5.2. Bolt strength
As the end-plate design considered the plate to be always
‘‘thick,’’ this will ensure that the end plate remains elastic
and that the bolts are not subjected to any signiﬁcant prying
forces. The elastic assumption that plane sections remain plane
indicates that the outermost bolts will reach their tensile
strength ﬁrst. The outermost bolts are assumed to reach their
ultimate force, while forces in inner bolts can be calculatedent during ﬁnite element analysis for different conﬁgurations.
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Figure 30 Observed yield line patterns from ﬁnite element analysis.
Table 4 Plate constant Kpl.
Parameter Plate constant Kpl
Four bolts extended end plate Unstiﬀened Kpl ¼ 2bppodb=2þ
2bp
pidb=2þ 2
2ðpiþg=
ﬃﬃ
2
p Þ
g=2db=2
Stiﬀened de > g=
ﬃﬃﬃ
2
p
Kpl ¼ 2bppodb=2þ
2bp
pidb=2þ 2
2ðpiþpoþg
ﬃﬃ
2
p Þ
g=2db=2
de < g=
ﬃﬃﬃ
2
p
Kpl ¼ 2bppodb=2þ
2bp
pidb=2þ 2
2ðpiþpoþdeþg=
ﬃﬃ
2
p Þ
g=2db=2
Multiple row extended end plate Unstiﬀened Kpl ¼ 2bppodb=2þ
2bp
pidb=2þ 2
2 piþpþg2ð Þ
g=2db=2
Stiﬀened de > g=
ﬃﬃﬃ
2
p
Kpl ¼ 2bp
podb2
þ 2bp
pidb2
þ 2
2 piþpoþpþg2þ gﬃ2p 
g=2db=2
de < g=
ﬃﬃﬃ
2
p
Kpl ¼ 2bp
podb2
þ 2bp
pidb2
þ 2
2 piþpoþpþdeþ gﬃ2p 
g=2db=2
Mb
h2
h1
ho
Figure 31 Bolts forces design model.
694 A.K. Dessouki et al.by linear distribution. Therefore, the connection strength,
based upon bolt tension rupture (Mb), becomes the static mo-
ment of the relevant bolts strengths about the centerline of the
compression ﬂange (Fig. 31) and expressed by:
Mb ¼ nðFubAsÞ
XN
i¼0
h2i
ho
ð7Þwhere Mb is the bolt strength, n is the number of bolts in each
row, /t is the is the tension resistance factor according to the
(ECP-2008) = 0.70, Fub is the bolts ultimate strength, As is
the bolt stress area, N is the number of bolt rows, and hi is
the distance from the centerline of the compression ﬂange to
the centerline of the bolt row.
The connection nominal moment (Mn) is the minimum of
both the plate strength (Mpl) and the bolts strength (Mb).
5.3. General formula for end-plate thickness (tp)
In order to obtain a direct equation for the end-plate thickness,
Eq. (6) was rearranged for end-plate thickness and substituting
111% of the factored design moment (1.11ciMi) for plate
yielding moment (Mpl).
tp ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4ð1:11ciMiÞ
/bFydKpl
s
ð8Þ
where ciMi is the connection factored design moment, /b is the
is the ﬂexural resistance factor according to the (ECP-
2008) = 0.85.
Behavior of I-beam bolted extended end-plate moment connections 6956. Comparison with ﬁnite element analysis and current design
procedures
To compare the proposed equations to the ﬁnite element re-
sults, it was necessary to determine the nominal (failure) mo-
ment from the ﬁnite element analysis. One of the two
different reported moments for each sample,My orMu, is con-
sidered the failure moment depending on its behavior. For thin
plate connections, yield moment (My) is considered the failure
moment because connections displaying this type of behavior
would experience large deformations under working loads if
the failure moment was assumed to be the ultimate moment
(Mu). Thick plate connections would experience relatively
acceptable deformations under working loads if the failure mo-
ment is assumed to be the ultimate moment (Mu). Therefore, it
was necessary to set a numerical threshold to determine the
failure moment. Borgsmiller set the following threshold to
determine the nominal (failure) moment (Mn) of the
connection.
Mn ¼My if My < 0:75Mu
Mn ¼Mu if My > 0:75Mu
The proposed design equations’ predictions are compared
to the ﬁnite element study results, the AISC equations in
AISC-DG#16 [13], and to the ECP-2008. In the comparisonTable 5 Four bolts extended unstiffened comparisons.
Test Id 4E-db–tp–d
(Notes)
ECP-LRFD AISC-DG16 Proposed EQ
Mn (kN m) Mn (kN m) Mn (kN m)
4E-20-8-600 30 68 74
4E-20-16-600 126 274 296
4E-20-24-600 323 580 561
4E-20-32-600 420 580 561
4E-12-8-600 30 68 67
4E-12-16-600 126 209 202
4E-12-24-600 150 209 202
4E-12-32-600 172 209 202
4E-16-8-600 30 68 70
4E-16-16-600 126 274 281
4E-16-24-600 266 371 359
4E-16-32-600 305 371 359
4E-24-8-600 30 68 78
4E-24-16-600 126 274 311
4E-24-24-600 323 616 700
4E-24-32-600 420 835 807
4E-27-8-600 30 68 81
4E-27-16-600 126 274 324
4E-27-24-600 323 616 729
4E-27-32-600 420 1057 1022
4E-20-12-600 (g= 60) 68 182 200
4E-20-12-600 (g= 140) 68 140 155
4E-20-12-600 (p= 30) N.A. 204 260
4E-20-12-600 (p= 70) N.A. 135 142
4E-20-12-400 28 86 95
4E-20-12-700 50 159 166
4E-20-32-400 153 387 353
4E-20-32-700 269 677 646of the AISC to the proposed equations, AISC-DG#16 and
ECP-2008 are used without the resistance factors in order to
be valid to compare to the ﬁnite element analysis results.
By comparing the yield line patterns observed from ﬁnite
element analyses shown in Fig. 30 to those used in
AISC_DG#16, two main differences were observed. The ﬁrst
difference is the horizontal yield lines in the AISC-DG#16 pat-
terns which were not observed in the ﬁnite element analysis at
the yielding point of the connection but appeared later at the
connection ultimate moment. This is due to the fact that the
AISC-DG#16 patterns were observed from experimental tests,
which means it was not observed at the connection yield mo-
ment, but at the ultimate moment. The second difference is
that the AISC-DG#16 patterns consider the bolts as inﬁnite
points, where the observed patterns show formation of circular
yield lines around the bolt holes, and that the rotation of the
rigid plates around the bolt occurs about these circular lines
not around the center of the bolt. Therefore, the predicted con-
nection capacity (for thin plate connections) by AISC is con-
stant regardless of the bolt diameter, which is the same for
ECP-2008. This was found to be conservative as by the in-
crease in the bolt diameter, more ﬁxation is provided to the
end plate due to increased pretension force as well as reducing
the rotation arm of the rigid panels rotating around the bolts,
which increases the work done by these panels to rotate and
accommodate for the applied virtual displacement. This leadsProposed F.E.A. ECP-LRFD/
F.E.A.
AISC-DG16/
F.E.A.
Proposed EQ/
F.E.A.
Mn (kN m)
79 0.38 0.87 0.94
319 0.40 0.86 0.93
493 0.68 1.18 1.14
560 0.78 1.03 1.00
66 0.45 1.04 1.02
177 0.79 1.18 1.14
211 0.82 0.99 0.96
215 0.94 0.97 0.94
78 0.38 0.88 0.91
300 0.46 0.91 0.94
336 0.86 1.10 1.07
368 0.95 1.01 0.97
87 0.34 0.79 0.90
316 0.40 0.87 0.99
894 0.43 0.69 0.78
853 0.53 0.98 0.95
88 0.34 0.78 0.92
319 0.40 0.86 1.02
841 0.42 0.73 0.87
910 0.49 1.16 1.12
196 0.35 0.93 1.02
130 0.52 1.08 1.19
275 N.A. 0.74 0.95
144 N.A. 0.94 0.99
106 0.27 0.81 0.90
198 0.25 0.81 0.84
384 0.47 1.01 0.92
650 0.43 1.04 0.99
Mean 0.52 0.94 0.98
Standard deviation 0.20 0.12 0.09
Table 6 Four bolts extended stiffened comparisons.
Test Id 4ES-db–tp–d ECP-LRFD AISC-DG16 Proposed EQ Proposed F.E.A. ECP-LRFD/F.E.A. AISC-DG16/F.E.A. Proposed EQ/F.E.A.
Mn (kN m) Mn (kN m) Mn (kN m) Mn (kN m)
4ES-12-12-600 N.A. 209 194 207 N.A. 1.01 0.94
4ES-16-12-600 N.A. 217 208 221 N.A. 0.98 0.94
4ES-20-8-600 N.A. 96 97 103 N.A. 0.93 0.94
4ES-20-12-600 N.A. 217 218 210 N.A. 1.03 1.04
4ES-20-16-600 N.A. 385 388 366 N.A. 1.05 1.06
4ES-20-20-600 N.A. 580 539 551 N.A. 1.05 0.98
4ES-20-24-600 N.A. 580 539 564 N.A. 1.03 0.96
4ES-20-28-600 N.A. 580 539 592 N.A. 0.98 0.91
4ES-20-32-600 N.A. 580 539 587 N.A. 0.99 0.92
4ES-24-12-600 N.A. 217 230 227 N.A. 0.95 1.01
4ES-27-12-600 N.A. 217 239 240 N.A. 0.90 0.99
Mean N.A. 0.99 0.97
Standard deviation N.A. 0.05 0.05
Table 7 Multiple row 1/2 extended unstiffened comparisons.
Test Id MRE-db–tp–d
(Notes)
ECP-LRFD AISC-DG16 Proposed EQ Proposed F.E.A. ECP-LRFD/
F.E.A.
AISC-DG16/
F.E.A.
Proposed EQ/
F.E.A.
Mn (kN m) Mn (kN m) Mn (kN m) Mn (kN m)
MRE 1/2-12-8-600 N.A. 81 84 90 N.A. 0.90 0.93
MRE 1/2-12-16-600 N.A. 287 258 258 N.A. 1.11 1.00
MRE 1/2-12-24-600 N.A. 287 258 292 N.A. 0.98 0.88
MRE 1/2-12-32-600 N.A. 287 258 293 N.A. 0.98 0.88
MRE 1/2-16-8-600 N.A. 81 96 97 N.A. 0.83 0.99
MRE 1/2-16-16-600 N.A. 324 383 419 N.A. 0.77 0.91
MRE 1/2-16-24-600 N.A. 510 459 474 N.A. 1.08 0.97
MRE 1/2-16-32-600 N.A. 510 459 499 N.A. 1.02 0.92
MRE 1/2-20-8-600 N.A. 81 101 98 N.A. 0.82 1.02
MRE 1/2-20-16-600 N.A. 324 402 387 N.A. 0.84 1.04
MRE 1/2-20-24-600 N.A. 729 717 715 N.A. 1.02 1.00
MRE 1/2-20-32-600 N.A. 797 717 771 N.A. 1.03 0.93
MRE 1/2-24-8-600 N.A. 81 106 123 N.A. 0.66 0.86
MRE 1/2-24-16-600 N.A. 324 424 452 N.A. 0.72 0.94
MRE 1/2-24-24-600 N.A. 729 953 959 N.A. 0.76 0.99
MRE 1/2-24-32-600 N.A. 1148 1033 1059 N.A. 1.08 0.98
MRE 1/2-27-8-600 N.A. 81 110 129 N.A. 0.63 0.85
MRE 1/2-27-16-600 N.A. 324 441 447 N.A. 0.72 0.99
MRE 1/2-27-24-600 N.A. 729 992 1144 N.A. 0.64 0.87
MRE 1/2-27-32-600 N.A. 1296 1307 1266 N.A. 1.02 1.03
MRE 1/2-20-12-600 (g= 60) N.A. 231 313 343 N.A. 0.67 0.91
MRE 1/2-20-12-600 (g= 140) N.A. 160 197 191 N.A. 0.84 1.03
MRE 1/2-20-12-600 (p= 70) N.A. 223 299 319 N.A. 0.70 0.94
MRE 1/2-20-12-600 (p= 60) N.A. 171 223 229 N.A. 0.75 0.98
MRE 1/2-20-12-400 N.A. 114 138 145 N.A. 0.79 0.95
MRE 1/2-20-12-700 N.A. 216 242 241 N.A. 0.90 1.01
MRE 1/2-20-32-400 N.A. 507 433 498 N.A. 1.02 0.87
MRE 1/2-20-32-700 N.A. 942 863 902 N.A. 1.05 0.96
Mean N.A. 0.87 0.96
Standard deviation N.A. 0.14 0.06
696 A.K. Dessouki et al.to larger end-plate capacity at the same plate thickness by
increasing the used bolt diameter. The proposed equations
consider this increase by incorporating the bolts diameter in
the calculation of the end-plate capacity.
Tables 5–8 show a full comparison, for some of the study
results, which includes the sample identiﬁcation, the predicted
nominal connection moment using ECP-LRFD, AISC Design
Guide No. 16 (where applicable), and the proposed designequations as well as the proposed ﬁnite element nominal mo-
ment. Also, are shown the ECP-LRFD predictions to the ﬁnite
element results ratio, the AISC-DG#16 predictions to ﬁnite
element results ratio, and the proposed equations’ predictions
to ﬁnite element results ratio. The AISC-DG#16 predictions to
ﬁnite element results ratio seem to have some discrepancies
showing ratios ranging from 0.63 to 1.18, but it is noteworthy
that 75% of them lie between 0.85 and 1.10. The ECP-LRFD
Table 8 Multiple row 1/2 extended stiffened comparisons.
Test Id
MRES-db–tp–d
ECP-LRFD AISC-DG16 Proposed EQ Proposed F.E.A. ECP-LRFD/
F.E.A.
AISC-DG16/
F.E.A.
Proposed
EQ/F.E.A.
Mn (kN m) Mn (kN m) Mn (kN m) Mn (kN m)
MRES-12-12-600 N.A. N/A 245 211 N.A. N/A 1.16
MRES-16-12-600 N.A. N/A 257 277 N.A. N/A 0.93
MRES-20-8-600 N.A. N/A 120 149 N.A. N/A 0.81
MRES-20-12-600 N.A. N/A 270 236 N.A. N/A 1.15
MRES-20-16-600 N.A. N/A 480 455 N.A. N/A 1.06
MRES-20-20-600 N.A. N/A 717 736 N.A. N/A 0.97
MRES-20-24-600 N.A. N/A 717 788 N.A. N/A 0.91
MRES-20-28-600 N.A. N/A 717 807 N.A. N/A 0.89
MRES-20-32-600 N.A. N/A 717 799 N.A. N/A 0.90
MRES-24-12-600 N.A. N/A 284 287 N.A. N/A 0.99
MRES-27-12-600 N.A. N/A 296 334 N.A. N/A 0.89
Mean N.A. N/A 0.97
Standard deviation N.A. N/A 0.11
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Figure 32 Connection nominal moment against end-plate thick-
ness for the three procedures.
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Behavior of I-beam bolted extended end-plate moment connections 697predictions to ﬁnite element results ratio show that the ECP-
LRFD predictions are very conservative, showing a mean ratio
of 0.52.
Figs. 32–34 show the nominal moment obtained by the
three procedures and observed from ﬁnite element analysis.
Generally, the proposed equations show better correlation to
the ﬁnite element results than the AISC-DG#16 and ECP-
2008 equations.Figs. 35 and 36 show the required end-plate thickness and
bolts diameter, respectively, against the applied design fac-
tored moment using the proposed equations, AISC-DG#16
equations, and ECP-LRFD equations. The ﬁgures show that
the proposed equations are more economic than the current
codes design equations.
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698 A.K. Dessouki et al.7. Conclusions
In this paper, a three-dimensional ﬁnite element model was
presented to model the non-linear behavior of the extended
end-plate moment connections. A parametric study was con-
ducted on two end-plate conﬁgurations: four bolts and multi-
ple row extended end plates. During the study, the distribution
of stresses in the end plates was monitored, and yield line pat-
terns were observed for each conﬁguration. These yield line
patterns were analyzed, and new design equations were pro-
posed and compared to the ﬁnite element analysis results
and to the current design codes equations. From the study,
the following can be concluded:
 The multiple row extended end-plate conﬁguration has
shown 30–35% increase in both yield and ultimate
moments than four bolts extended end-plate conﬁguration
even in thin plate conﬁgurations, where failure is governed
by end-plate capacity; this increase is due to the increase in
number of ﬁxation points of the end plate which leads to the
formation of more plastic hinges and larger yielding capac-
ity of the end plate.
 The end-plate stiffeners increase the end-plate bending
capacity up to 30% in the thin plate connections.
 New design equations are proposed using yield line patterns
based on end-plate stress distribution at the connection
yield moment monitored in the ﬁnite element analyses. On
the contrary, the AISC Design Guide No. 16 patterns were
based on experimental results; thus, the end-plate post-
yielding effects are included.
 The proposed yield line patterns account for the size of the
bolts where the AISC-DG#16 patterns do not. AISC pat-
terns consider the bolts as inﬁnite points and do not con-
sider any effect for the bolt size on the end-plate capacity,
which was found to be conservative. By the increase in
the bolt diameter, more ﬁxation is provided to the end plate
due to increased pretension force as well as reducing the
rotation arm of the rigid panels rotating around the bolts. The proposed equations have shown better correlation to
the ﬁnite element analysis results than the current codes
regarding the thin end plates. This is due to the enhanced
yield line patterns used.
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